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Ethanol (EtOH) and its metabolite, acetaldehyde (ALD), induce deleterious effects on central nervous sys-
tem (CNS). Here we investigate the in vitro toxicity of EtOH and ALD (concentrations of 0.25%, 0.5%, and
1%) in zebraﬁsh brain structures [telencephalon (TE), opticum tectum (OT), and cerebellum (CE)] by mea-
suring the functionality of glutamate transporters, MTT reduction, and extracellular LDH activity. Both
molecules decreased the activity of the Na+-dependent glutamate transporters in all brain structures.
The strongest glutamate uptake inhibition after EtOH exposure was 58% (TE-1%), and after ALD, 91%
(CE-1%). The results of MTT assay and LDH released demonstrated that the actions of EtOH and its metab-
olite are concentration and structure-dependent, in which ALD was more toxic than EtOH. In summary,
our ﬁndings demonstrate a differential toxicity in vitro of EtOH and ALD in zebraﬁsh brain structures,
which can involve changes on glutamatergic parameters. We suggest that this species may be an inter-
esting model for assessing the toxicological actions of alcohol and its metabolite in CNS.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Ethanol (EtOH) is a widely consumed substance throughout the
world. The molecular mechanisms involved in alcohol abuse and
alcoholism are complex and intertwined. The neuroadaptative
changes induced by EtOH are associated to distinct factors, such
as gene transcription, protein expression, and dysfunction of sev-
eral neurotransmitters systems (Moonat et al., 2010). Beyond the
direct effects of EtOH on central nervous system (CNS), several bio-
logical actions triggered by alcohol consumption are associated to
the highly reactive EtOH metabolite, acetaldehyde (ALD), which is
generatedmainly by the alcohol dehydrogenase (EC 1.1.1.1) activity
(Goodman et al., 2011). Both EtOH and ALD may impair the mem-
brane ﬂuidity affecting the release of several neurotransmitters,the activity of membrane receptor, and the functionality of
membrane transporter proteins (Nevo and Hamon, 1995; Reimers
et al., 2004; Samson and Harris, 1992).
As the primarily excitatory neurotransmitter in the mammalian
CNS, glutamate is involved in many physiological processes
(Danbolt, 2001). However, elevated levels of glutamate at synaptic
cleft can lead to an overactivation of ionotropic glutamate recep-
tors promoting excitotoxicity (Sattler and Rothstein, 2006). In
order to maintain extracellular glutamatergic tonus, the activity
of Na+-dependent excitatory amino acid transporters (EAAT) plays
a key role in the clearance of neurotransmitter from synaptic cleft
(Anderson and Swanson, 2000; Sattler and Rothstein, 2006). In
mammals, ﬁve glutamate transporter subtypes have been identi-
ﬁed so far (EAAT1-EAAT5), whose expression and functionality
vary across different regions of CNS (Danbolt, 2001).
Several biochemical studies have demonstrated that alcohol can
interact with the glutamatergic signaling. For example, EtOH inhib-
its N-methyl-D-aspartate (NMDA) receptor function by decreasing
NMDA-induced Ca2+ ﬂow into neurons (Hoffman et al., 1989) and
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induced by NMDA receptor activation (Gothert and Fink, 1989;
Woodward and Gonzales, 1990). Electrophysiological analyses
have supported these biochemical ﬁndings since neuronal cultures
presented a reduced NMDA-evoked excitatory electrical signal
after administration of EtOH (Tsai et al., 1995). However, to date,
there are no studies reporting the potential effects of alcohol on
the Na+-dependent glutamate uptake system.
There is a growing interest for establishing alternative models
that improve the study of the effects triggered by alcohol in a
large-scale manner. In this scenario, the zebraﬁsh emerges as a
suitable organism for assessing the actions of different EtOH expo-
sure protocols, complementing the existent rodent approaches
(Oliveira et al., 2013; Pannia et al., 2014; Tran and Gerlai, 2013).
Concerning glutamatergic signaling parameters, our group has
recently identiﬁed and characterized the presence and function
of ﬁve glutamate transporter members in zebraﬁsh brain (Rico
et al., 2010). Despite the predictive and face validity of zebraﬁsh
model on alcohol research, the neurotoxic actions triggered by
EtOH and its metabolite, ALD, on different brain structures still
remains obscure. It is conceivable that living organisms are extre-
mely complex functional systems in which the biological compo-
nents inﬂuence each other to produce a ﬁnal response. Thus, a
straightforward approach for construct validity of alcohol exposure
models in zebraﬁsh could be the direct study of the effects pro-
moted by EtOH and ALD on glutamate uptake in different brain
structures. A great advantage of an in vitro approach is that it sim-
pliﬁes the system under study in which researchers can focus on a
small number of components and evaluate speciﬁc toxic actions of
substances, allowing a detailed or more convenient analysis of iso-
lated variables.
Therefore, the goal of the present report was to investigate the
direct effects of EtOH and ALD on the functionality of glutamate
transporters in telencephalon (TE), optic tectum (OT), and cerebel-
lum (CE) of zebraﬁsh. Furthermore, the potential toxicity promoted
by alcohol and its metabolite on these brain structures were
assessed by measuring the MTT reduction as a cell viability param-
eter and the extracellular activity of lactate dehydrogenase (LDH,
EC 1.1.1.27) as an endpoint measure of injury index and membrane
integrity.2. Materials and methods
2.1. Animals
Subjects were 144 adult zebraﬁsh (Danio rerio) (4–6 months-
old, 50:50 male:female ratio) of heterogeneous wild-type stock
(standard short-ﬁn phenotype), obtained from a local commercial
supplier (Delphis, RS, Brazil). Fish were housed in 50 L aquariums,
at a maximum density of two ﬁsh per liter, for at least 2 weeks
prior to the experiments in order to acclimate to the animal facil-
ity. All tanks were ﬁlled with non-chlorinated water previously
treated with 132 lL L1 AquaSafe (Tetra, VA, USA) and kept under
mechanical and chemical ﬁltration at a targeted temperature of
26 ± 2 C and water pH at 7.0–8.0. The room illumination was pro-
vided by ceiling-mounted ﬂuorescent light tubes on a 14/10 light/
dark photoperiod cycle (lights on at 7:00 am). Animals were fed
with a commercial ﬂake ﬁsh food (alcon BASIC, Alcon, Brazil)
twice a day. All animals used were experimentally naive, healthy
and free of any signs of disease, being maintained in accordance
to the National Institute of Health Guide for Care and Use of Labo-
ratory Animals. Recommendations for animal care were followed
throughout all the experiments in accordance to the project
approved by the Ethical Committee of the Universidade Federal
do Rio Grande do Sul; protocol number: 2007950.2.2. Chemicals
Ethanol and acetaldehyde were purchased from Merck (Darms-
tadt, Germany) and Fluka (Buchs, Switzerland), respectively.
Dimethyl sulfoxide (DMSO) and [3(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide] (MTT) were purchased from Sigma
Chemical CO (St. Louis, USA) and L-[3H]glutamate (speciﬁc activity
30 Ci mmol1) was purchased from PerkinElmer (Madrid, Spain).
All other reagents used were from analytical grade.
2.3. Sample preparation
After being cryoanaesthetized, ﬁsh were euthanized by decapi-
tation for total brain excision. Telencephalon, optic tectum, and
cerebellum were dissected out into Petri dishes humidiﬁed with
Hank’s balanced salt solution (HBSS-HEPES buffer) containing:
137 mM NaCl; 0.63 mM Na2HPO4; 3.0 mM NaHCO3; 5.36 mM
KCl; 0.44 mM KH2PO4; 1.26 mM CaCl2; 0.90 mM MgSO4; 5.55 mM
glucose; and 20 mM HEPES, pH 7.2. Each brain structure was sep-
arated and entirely transferred for 24-well culture plates contain-
ing 0.5 mL of HBSS-HEPES buffer (see Fig. 1A). All plates were
maintained at 37 C throughout the experiments.
2.4. Drugs and treatment
All experimental procedures are depicted in the Fig. 1. After a
15 min preincubation in HBSS-HEPES buffer, the medium was
removed and the structures were incubated for further 15 min
with 0.3 mL of HBSS-HEPES buffer in the absence (control group)
or presence of ethanol (EtOH group) or acetaldehyde (ALD group)
at ﬁnal concentrations of 0.25%, 0.5%, and 1% (v/v). These concen-
trations were based in previous studies from our laboratory that
evaluated the in vitro effects of both molecules on neurochemical
parameters in zebraﬁsh brain, which suggested a potential toxic
effect of EtOH and ALD (Rico et al., 2007; Rico et al., 2008). More-
over, the same EtOH range has been successfully employed in vivo
for assessing behavioral changes induced by acute and chronic
alcohol consumption in this species (Dlugos and Rabin, 2003;
Gerlai et al., 2000; Mathur and Guo, 2011; Rosemberg et al., 2012).
2.5. Na+-dependent glutamate uptake
The glutamate uptake assay was performed as previously
described by Rico et al. (2010), using a total of 96 animals for the
experiment (n = 6 per group). Total glutamate uptake was
measured with the addition of 0.33 lCi mL1 L-[3H] glutamate to
the incubation medium containing EtOH or ALD, at 37 C. The
uptake was stopped after 5 min (for TE) or 7 min (for OT and CE)
with two subsequent washes (1 mL ice-cold HBSS-HEPES buffer).
Na+-independent glutamate uptake was measured in the same
conditions as described above, except that N-methyl-D-glucamine
was used instead of sodium. Na+-dependent glutamate uptake was
measured as the difference of incorporated radioactivity between
the total glutamate uptake and the Na+-independent glutamate
uptake. Radioactivity was measured by liquid scintillation.
2.6. MTT assay
The intracellular reduction of MTT to a purple formazan product
by mitochondrial succinic dehydrogenase is considered an indica-
tor of cell viability to determine cytotoxicity in biological samples
(Wang et al., 2013). Brieﬂy, brain structures of 48 zebraﬁsh (n = 6
per group) were immersed in 0.5 mg/mL MTT solution in a covered
water bath shaker at 37 C for 20 min (Oliveira et al., 2002). After-
wards, 300 lL DMSO was added per brain structure and samples
were kept overnight in a dark room under constant agitation to
Fig. 1. Schematic representation of the methodological approach used for the evaluation of the effects promoted by in vitro exposure of EtOH and ALD in zebraﬁsh brain
structures (TE = telencephalon; OT = optic tectum; CE = cerebellum). (A) The structures were dissected out and further transferred to a 24-well microplate to evaluate the
effects of distinct EtOH or ALD concentrations. (B) Experimental protocol consisted of two consecutive exposure preincubation periods, in which EtOH or ALD were directly
added into reaction medium during the last 15 min. After the preincubation, the reaction medium was maintained with EtOH and ALD for MTT assay or Na+-dependent
glutamate uptake was started. The extracellular LDH activity measurement was performed by collecting the bathing ﬂuid after preincubation.
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added to 96-well plates (200 lL per well) and cell viability was
measured in a microplate reader at 560 and 650 nm. Results were
expressed as a percentage of the control (untreated brain
structures).2.7. Lactate dehydrogenase activity
The amount of LDH released into the incubation medium is a
parameter that allows the assessment of cell survival (Wang
et al., 2012). The LDH (EC 1.1.1.27) activity was assessed with a
commercial kit (Labtest, Brazil). After the period of EtOH or ALD
incubation, the medium was removed and used for measurement
of extracellular LDH activity (see Fig. 1B). Aliquots of 100 lL of
the medium used for glutamate uptake assay (n = 6 per group)
were transferred to the reaction medium containing: 7.5 mM
NAD+, 260 mM lactate, and 1.6 mM 1,10-phenantroline. Following
the conversion of lactate to pyruvate, 1,10-phenantroline was con-
verted to a colored complex by reacting to NADH, which was mea-
sured at 490 nm (Fontella et al., 2005). Results were expressed as a
percentage of the total LDH activity in each cerebral structure.
Total LDH activity was assessed by a complete mechanical lysis
of an independent and untreated sample of each brain structure,
which was performed in duplicate.2.8. Protein quantiﬁcation
After biochemical assays, 0.5 N NaOHwas immediately added to
the brain structures. Samples were stored overnight and the protein
content was measured (Peterson et al., 1977). Brieﬂy, aliquots of
10 lL protein were used to perform the assay, which were mixed
to 90 lL of ultrapure water and 100 lL Lowry reagent (CTC, 10%
SDS, and 1 N NaOH). After 10 min, Folin–Ciocalteu reagent (50 lL,
0.4 N) was added to the reaction medium and incubated for
30 min. The product was quantiﬁed by spectrophotometric device
set at 750 nm using bovine serum albumin as standard.2.9. Statistics
Data were expressed as means ± standard error of mean (S.E.M).
All experiments were performed with 144 animals, of which 96
were used for glutamate uptake assay (48 for total glutamate
uptake and 48 for Na+-independent glutamate uptake) and their
reaction medium removed for LDH measurement (n = 6 per group
for each experiment). For MTT assay, a total of 48 ﬁsh were used
(n = 6 per group). The results were analyzed by one-way analysis
of variance (ANOVA) followed by Bonferroni’s post hoc test and
the differences were considered statistically signiﬁcant at a
P 6 0.05.3. Results
EtOH signiﬁcantly decreased the glutamate uptake in all struc-
tures analyzed at 0.5% (50 ± 8%, 42 ± 7%, and 55 ± 4% for TE, OT, and
CE, respectively) and 1% (58 ± 8%, 47 ± 9%, and 50 ± 6% for TE, OT,
and CE, respectively) (Fig. 2A). Moreover, OT exposed to 0.25%
EtOH showed a signiﬁcant reduction (40 ± 3%) on glutamate
uptake when compared to the values of control. The assessment
of toxicity parameters showed a signiﬁcant decrease on cellular
viability and an increase on extracellular LDH activity in CE for
all EtOH concentrations (98 ± 1%, 96 ± 1%, and 149 ± 1% for 0.25,
0.5, and 1%, respectively). For OT, only 1% EtOH increased the
LDH activity (170 ± 1%) in the extracellular medium and decreased
cell viability (34 ± 4%). No signiﬁcant changes were observed in TE
(Fig. 2B and C).
The effects promoted by ALD on glutamate uptake, cell viability,
and LDH activity are depicted in the Fig. 3. Signiﬁcant reductions of
35 ± 3%, 87 ± 2%, and 89 ± 2% for glutamate uptakewere observed in
TE after 0.25, 0.5, and 1% ALD, respectively. Similar reductions of
glutamate uptake were observed for OT (41 ± 2, 90 ± 1%, and
89 ± 1%) and CE (34 ± 6%, 83 ± 4%, and 91 ± 1%) after exposure to
0.25, 0.5, and 1% ALD, respectively (Fig. 3A). All ALD concentrations
tested signiﬁcantly decreased the formazan formation in TE and CE.
However, only 0.5 and 1% ALD decreased the cell viability in OT
Fig. 2. Effects of different EtOH concentrations (0.25%, 0.5%, and 1%) on glutamate uptake and on toxicity-related parameters in zebraﬁsh brain structures
(TE = telencephalon; OT = optic tectum; CE = cerebellum). (A) Na+-dependent glutamate uptake. (B) Cell viability measured by MTT reduction. (C) LDH released. Data were
expressed as means ± standard error of mean (SEM) using n = 6 per group. Results were analyzed by one-way ANOVA followed by Bonferroni’s test as post hoc, considering
the statistical differences at a P 6 0.05 level. * Signiﬁcant difference from control group.
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cellular LDH activity (Fig. 3C), 0.25, 0.5, and 1% ALD promoted a sig-
niﬁcant increase on this enzyme activity in CE (58 ± 1%, 78 ± 2%, and
134 ± 1%, respectively) in comparison to the untreated group. In
contrast, an increase on the extracellular LDH activity (170 ± 2%)
was detected in OT only at 1% ALD. In TE, both 0.5 and 1% ALD sig-
niﬁcantly increased extracellular LDH activity (335 ± 1% and
330 ± 2%, respectively) in comparison to control, which presented
only 5% of the total of LDH activity in the extracellular medium.
Importantly, we emphasize that when we run the set of experi-
ments for all groups at independent days, the biological variability
of the results did not signiﬁcantly differ (data not shown).
4. Discussion
There is evidence supporting the involvement of diverse neuro-
transmitter systems in the effects promoted by alcohol in CNS
(Diana et al., 2003; Esel, 2006; Nutt, 1999). In this context, it hasbeen described that modiﬁcations on glutamatergic signaling play
a role in alcohol toxicity (Chefer et al., 2011; Moykkynen and Korpi,
2012; Nam et al., 2010). These changes are often linked to the
behavioral phenotypes observed following EtOH administration,
such as alterations on anxiety-like parameters, locomotion,
memory formation, and dependence, which are associated to alco-
hol-mediated effects on different brain regions, such as amigdala,
cerebellum, hippocampus, and nucleus accumbens, respectively
(Marty and Spigelman, 2012; Moykkynen and Korpi, 2012; Nagy,
2004). If zebraﬁsh is a suitable organism for translational
researches of alcohol abuse and dependence, the assessment of
the toxic actions of EtOH and ALD on neurochemical parameters
in different brain regions is imperative. In the current report, we
demonstrate the range of EtOH and ALD that exert neurotoxic
effects in zebraﬁsh brain after in vitro exposure. To our knowledge,
this is the ﬁrst study which investigates the actions of both mole-
cules on the functionality of glutamate transporters from distinct
brain structures of this species using an isolated perspective.
Fig. 3. Effects of different ALD concentrations (0.25%, 0.5%, and 1%) on glutamate uptake and on toxicity-related parameters in zebraﬁsh brain structures (TE = telencephalon;
OT = optic tectum; CE = cerebellum). (A) Na+-dependent glutamate uptake. (B) Cell viability measured by MTT reduction. (C) Extracellular LDH activity. Data were expressed
as means ± standard error of mean (SEM) from n = 6 per group. Results were analyzed by one-way ANOVA followed by Bonferroni’s test as post hoc, considering the statistical
differences at a P 6 0.05 level. * Signiﬁcant difference from control group.
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species has been increasingly studied. Despite the notable
morphological variation resulted by anatomical differences among
non-actinopterygian groups and teleosts that occur during the
embryonic development, specialized adaptations of the vertebrate
CNS are highly conserved throughout the evolution. For example,
the telencephalic area of teleosts contains a form of map-like or
relational spatial memory system that is critically dependent on
the pallial areas homologous to the mammalian hippocampus
(Rodriguez et al., 2002). This evidence was further reinforced by
a recent electrophysiological study that identiﬁed the presence of
spontaneous activity in regions of the zebraﬁsh TE using whole-
brain in vitro recordings (Vargas et al., 2012). The OT is a multila-
minated region with a dense neuropil in which tectal cell dendrites
are connected with both sensory afferents and tectal interneurons
(Gahtan et al., 2005). This structure comprises the primary
retinorecipient brain area in ﬁsh, which is responsible for visual
processing in the zebraﬁsh (McDowell et al., 2004; Robles et al.,2011). Cerebellar compartments in teleosts correspond to the
mammalian vestibulocerebellar and non-vestibulocerebellar sys-
tems, participating in the control of balance and locomotion,
respectively. Regarding the effects of EtOH, studies have shown
that alcohol exposure promotes changes on adult zebraﬁsh behav-
ior, including alterations on intra-speciﬁc aggression, anxiolytic-
like and depressant effects, and an inverted U-shape response on
locomotor activity (Dlugos and Rabin, 2003; Gerlai et al., 2000;
Gerlai et al., 2006). This wide-range of behaviors allowed a detailed
characterization of the organization of the zebraﬁsh CNS, in which
researchers have turned to functional studies, many of which have
focused on behavioral processes (Vargas et al., 2012). Indeed, in
terms of neurotransmitter expression, neuroanatomy, and func-
tional neural circuits, the three major structures of zebraﬁsh brain
(TE, OT, and CE) are functionally equivalent to the mammalian
regions responsible for memory, vision, and locomotion, respec-
tively (Wilson et al., 2002). Although in vitro studies do not neces-
sarily reproduce the complex myriad of responses observed in vivo,
Fig. 4. Representative heat map summarizing the effects promoted by EtOH and ALD on Na+-dependent glutamate uptake, cell viability measured by MTT reduction, and on
LDH released from zebraﬁsh brain structures. The biological effects were represented by different colors, which describe the main results of the experiments. Deceased values
were shown as blue boxes, while the red colors indicate increased parameters. When EtOH and ALD did not alter the biological parameters measured, they were represented
as green boxes. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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observed in several alcohol exposure models could be attributed,
at least in part, to a distinct effect of EtOH and ALD on different
brain structures.
To better correlate the potencial neurotoxic effects of EtOH and
ALD we have plotted a representative heat map that summarizes
the main ﬁndings for each biological parameter assessed (Fig. 4).
In general, ALD altered both glutamate uptake and LDH released
in all brain structures, suggesting an association between
decreased Na+-dependent glutamate uptake and increased extra-
cellular LDH activity. However, changes on the activity of gluta-
mate transporters did not always reﬂect variations on LDH
released. For example, in TE, the glutamate uptake was decreased
at 0.25% ALD, but no effects were observed on cellular membrane
permeability. In a same way, both molecules signiﬁcantly
decreased glutamate uptake at 0.25 and 0.5% in OT, without
changes on extracellular LDH activity. Interestingly, 0.25% EtOH
did not alter glutamate uptake in CE, but signiﬁcantly increased
LDH released. There are some mechanisms that could be related
the effects of EtOH and ALD in zebraﬁsh brain structures. One pos-
sibility is that both molecules might present a direct effect on glu-
tamate transporters, inducing cytotoxic effects by decreasing the
extracellular glutamate uptake. An alternative explanation might
be that EtOH and ALD might induce reactive oxidative species that
cause lipid peroxidation with subsequent perturbations on mem-
brane integrity, which would explain the LDH leakage and the
effects on glutamate transporters. This hypothesis is plausible
since we have previously demonstrated that alcohol exposure
induces oxidative stress by lipid peroxidation in zebraﬁsh brain
(Rosemberg et al., 2010) and that ALD, a highly reactive molecule,
is more neurotoxic than EtOH in biological preparations. In fact,
ALD can play a central role in mediating the toxicological actions
of EtOH in the brain by several mechanisms, which include forma-
tion of reactive oxygen species, changes on membrane permeabil-
ity, and cell death (Deitrich, 2004; Israel et al., 1994; Quertemont
et al., 2005). The analysis also conﬁrmed that the actions of EtOH
and its metabolite are concentration and structure-dependent, as
well as occur in mammalian models.
Despite the importance of glutamate as an excitatory neuro-
transmitter in the vertebrate brain, its accumulation at synaptic
cleft may lead to excitotoxicity. The glutamate transporters are
proteins responsible for removing the glutamate from the extracel-
lular milieu, promoting the inactivation of the signal (Danbolt,
2001). The differential expression and functionality of several EAAT
members in zebraﬁsh brain structures have already been charac-
terized, showing that the mechanisms involved in the control of
glutamatergic signaling are highly conserved (Rico et al., 2010).
The contribution of glutamatergic transporters, as well as putative
changes on their activities following distinct EtOH exposure mod-
els are still a matter of debate. Park and colleagues showed that theacute EtOH exposure signiﬁcantly increases the functionality of rat
EAAT4 expressed in Xenopus oocytes (Park et al., 2008). However,
the protocol of repeated EtOH administration for 7 days promoted
a decrease on glutamate uptake in slice preparations of nucleus
accumbens, which were not associated to modiﬁcations on total
levels of EAAT1 and EAAT2 (Melendez et al., 2005). Devaud
(2001) suggested that the neuroadaptative changes induced by
EtOH on CNS appear to play an important role in both acute and
chronic effects, demonstrating increased levels of some glutamate
transporter members in hippocampus and hypothalamus with the
development of alcohol dependence (Devaud, 2001). Our in vitro
experiments are in line with the ﬁndings that showed a decrease
on glutamate uptake following EtOH exposure, suggesting that
EtOH and ALD can affect the functionality of glutamate transport-
ers in brain. Moreover, it is plausible to hypothesize that EtOH-
mediated responses are also dependent on the experimental
protocol adopted.
In summary, these ﬁndings demonstrate the actions induced by
EtOH and ALD on glutamate uptake and on toxicity-related param-
eters in different zebraﬁsh brain structures. The changes observed
in vitro suggest that the glutamatergic system is an interesting
target for potential pharmacological studies. Nevertheless, a more
clear understanding of how the functionality of glutamate
transporters is associated with alterations on toxicity-related
parameters is needed. In this regard, the evaluation of additional
glutamatergic signaling parameters as well as the study of differ-
ent protocols of exposure may provide new insights about the
mechanisms related to EtOH and ALD action in vertebrate CNS
using zebraﬁsh as a model organism for translational studies.
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